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Introduction
In recent decades, the rising cost of petroleum and the increased concern about greenhouse gas emissions has led to increase in the demand for plant-derived oils as renewable alternatives to fossil oil for use as biofuels and in industrial applications. The world production of vegetable oil increased by 61% between 1997 61% between -2007 61% between (FAOSTAT, 2008 . Replacing petroleum diesel with biodiesel could reduce the accumulation of CO 2 in the atmosphere (Peterson and Hustrulid, 1998) . The production and subsequent consumption of biodiesel results in less greenhouse gas emission compared to conventional diesel (Hill et al., 2006; Hirel et al., 2007; Peterson and Hustrulid, 1998) . However, the supply of vegetable oils today relies upon only a few crops, such as soybean, oilseed rape and palm. The restricted supply of feedstock for biodiesel production is one of the biggest challenges in the industry. There is thus a considerable interest to improve oil productivity and plant growth efficiency in the oilseed crops specifically for biodiesel feedstocks.
Oilseed rape or canola (Brassica napus L.) is a crop that is grown mainly for its high quality oil for the human diet. It also is a promising crop for further development into a major feedstock for biofuel production because of its high seed oil content (30 -50%) (Sana et al., 2003) compared to some other seed oil crops, e.g., soybean (18-20%) (Liu, 1997) . The production of oilseed rape has become second only to soybean oil in the world supply (Rayner, 2002) .
However, it is well known that the nitrogen (N) requirement per unit of yield in oilseed rape is relatively high compared to many other crops, such a cereals (Chamorro et al., 2002; Hocking and Strapper, 2001; Scott et al., 1973) . The application of N fertilizer can have negative and unpredictable effects on the environment (Chamorro et al., 2002; Erisman et al., 2007) . It has been reported that N 2 O emitted from N fertilizer applied to crops has made a great contribution to the increased concentrations of N 2 O in the atmosphere (Bøckman and Hans-Werner, 1998 ).
Thus, optimizing N fertilizer utilization by oilseed rape is an important factor regarding its use as a biodiesel feedstock crop. Another important factor in this regard is the distribution of carbon (C) and N among plant parts (e.g. seed, shoot and root) and how much of these assimilates are exuded from the roots into the soil. Crops that contribute to long-term C pools in the soil can have a positive effect on the global C balance and this factor is often an important component of lifecycle analysis of biofuel feedstock (Lal, 2010; Tilman et al., 2006) . Changes in C exudation from roots can also affect the composition and activity of the microflora in the rhizosphere (Hartmann et al., 2009 ) which might affect N 2 O emissions from the soil (Sey et al., 2010) .
In the present work, four genotypes of B. napus (three cultivars and one experimental line) varying in seed oil content (SOC) potential, i.e., cv. Topas (42.2% ± 0.3% SOC), (Agriculture Canada, 1987) ; cv. Sentry (44.6% ± 0.2% SOC), (Rimmer et al., 1998) ; cv. Polo (47.2% ± 0.1% SOC), (Rahman et al., 2001 ) and experimental line 04C204 (50.0 ± 0.6% % SOC), (P. McVetty, unpublished data); were studied. For this study, SOC potential refers to the mean oil contents and ranges provided in the above previous reports. The range of SOC for these genotypes is wide, (7.8%) and each genotype is significantly different from all other genotypes used in this study. This study focused on C and N partitioning during vegetative and early reproductive growth of these lines and plants were not grown to maturity. The objective of this study was to determine if SOC potential influences carbon and nitrogen partitioning, as well as nitrogen use efficiency (NUE), among these genotypes in ways that might influence improving the plant's potential as a biodiesel feedstock crop. While this study does not address actual oil yield (i.e. SOC multiplied by the seed yield per ha), experimental line 04C204 with the highest SOC potential, has been shown in field studies to have had the highest seed oil yield of the four B.
napus genotypes used in this study ). In three separate greenhouse experiments, these genotypes were grown to assess dry weight, total N, and 13 C and 15 N partitioning at three growth stages to determine if genotypes with different SOC potential also have differences in assimilate partitioning between shoot and root and between the plant and the soil.
Materials and Methods

Plant materials and growth conditions:
Seeds of B. napus cv. Topas, cv. Sentry, cv. Polo and the canola line 04C204 (courtesy of P.
McVetty, University of Manitoba) were sown in 3 L plastic pots containing 2. ventilation. In the first two weeks, each pot was watered with 100 mL of one-half strength of Hoagland's nutrient solution daily (Hoagland and Arnon, 1950) . From the 4th week on, each pot was watered with 200 mL per plant daily.
Experiment 1 -Biomass accumulation
B. napus cv. Topas, cv. Sentry, cv. Polo and line 04C204 were grown under the conditions described above. The plants of each genetic line were harvested at the three growth stages (Tab. 1). At harvesting, shoots were separated from roots, soil was removed from the roots by gently washing, and the plant materials were then dried separately at 80 o C for 3 days. There were 6
replicates for each sample (1 plant/sample). To sample the amount of 13 C and 15 N labeled materials that may have been exuded from the roots, the slurries from the root washing were combined for each plant and mixed for 10 min. A sample of 200 mL of the combined slurries was filtered through Whatman #1 filter paper. A sub-sample of 100 mL of the filtrate was dried at 80 o C in oven. The dried matter containing water-soluble solutes and filtrate particulates was re-suspended in 5 mL water and kept -20 o C until analysis for 13 C and 15 N content.
Three days after 13 C labeling (and hence 10 days after initiation of 15 N labeling), control and labeled plants were harvested to determine the heavy isotope partitioning during the "chase" period (i.e. the time between labeling and harvest) among shoot, roots and the soil.
Samples were handled as described above for the materials harvested immediately after labeling.
Total N content and 13 C and 15 N analysis of plant samples were conducted at the 
Nitrogen use efficiency (NUE)
NUE in the present work was defined as units of plant biomass produced per unit of N in shoot and root tissues, i.e., NUE = mg DW mg -1 N.
Results
Experiment 1 -Biomass accumulation
Biomass accumulation in shoots or roots was not different among genotypes at growth stage I (Fig. 2) . However, at growth stages II and III, biomass accumulation was significantly higher in the shoots and roots in cv. Topas compared to other genotypes. The ratio of root to shoot was also significantly higher in cv. Topas than in other genotypes at these growth stages.
The lowest ratio of root to shoot occurred in line 04C204 at growth stage III (Fig. 2) .
13 C and 15 N partitioning in experiment 2
In experiment 2, 13 C labeling was conducted at growth stages I, II and III, respectively. shoots, roots and soil in all genotypes (Fig. 3) . The proportions of 13 C partitioned to shoots, roots and soil was approximately 85-86%, 13-14% and 0.15-0.21%, respectively (Tab. 2). At growth stages II and III, 13 C excess was much higher in shoots, roots and soil in cv. Topas compared to other genotypes, particularly line 04C204 (Fig. 3) . However, the proportion of total 13 C partitioned to shoots (84.65%) was much lower, and that partitioned to roots (14.94%) and soil (0.40%) was much higher in cv. 
13 C and 15 N partitioning in experiment 3
In experiment 3, 13 C and 15 N were labeled only once at the growth stage I. Immediately after 13 C labeling, there were no significant differences in 13 C excess in shoots and roots in all genotypes ( Fig. 5A and 5B). 13 C excess in soil at growth stage I was higher in cv. Topas than in other genotypes (Fig. 5C ), but the amount of 13 C excess in soil was small compared to that contained within shoots and roots. Between growth stages I and II, there was a small decline in 13 C in shoots in all genotypes, but a large increase in 13 C in roots. At growth stage III, there was a significant difference in 13 C excess in shoots between cv. Topas and cv. Sentry and line than the other genotypes, and this was most apparent at stage III, in which 13 C excess was approximately 2 times greater in cv. Topas than in line 04C204 (Fig. 5B) . 13 C excess in soil trended downward with time in all genotypes (Fig. 5C ).
The total proportion of 13 C partitioned to shoots tended to decrease over time in all genotypes (Tab. 4). However, it is interesting that the magnitude of the decrease between growth stage I and III was much greater in cv. Topas (i.e., a decline of 12.9%) compared to line 04C204 (i.e., declined only 6.52%). Correspondingly, the proportion of 13 C in roots tended to increase between growth stages I and III, but to a much greater degree in cv. Topas (i.e., an increase of 13.09%) compared to the other genotypes, and especially line 04C204 (i.e., an increase of only 6.53%). These data indicate that line 04C204 retained a greater proportion of its labelled 13 C in shoots over time compared to cv. Topas.
Regarding
15
N excess among components in experiment 3, there were no significant differences in 15 N excess in shoots among genotypes at the growth stages I and II, however, there was a significantly higher 15 N excess in shoots in cv. Topas than in line 04C204 at growth stage III (Fig. 6A ). There was also significantly higher 15 N excess in roots of cv. Topas compared to the other genotypes at growth stage II and III (Fig. 6B ). 15 N excess in soil declined dramatically after the initial labeling at growth stage I (Fig. 6C ).
In terms of the proportion of 15 N partitioned among components, there was a greater proportion of 15 N in shoots and a significantly lower proportion in roots in line 04C204 compared to cv. Topas, at the growth stages II and III (Tab. 5).
Total nitrogen content
There were no significant differences in total nitrogen content in shoots among genotypes at the growth stage I. However, at the growth stage II, total N in the shoots in cv. Topas was significantly higher than that in cv. Polo and line 04C204 (Fig. 7A ). In roots, total N tended to be higher in cv. Topas compared to the other genotypes at the growth stages II and III (Fig. 7B) .
Nitrogen use efficiency
There were not many differences in NUE in shoots among cultivars and no consistent patterns ( Fig. 8A) . At the growth stage I, cv. Topas showed a lower NUE in shoots than the other genotypes. However, by growth stages II and II, cv. Topas had higher levels of NUE in shoots compared to some of the other genotypes. The pattern of NUE changes in roots was similar to that in shoots (Fig. 8B ).
Discussion
Seed oil content in Brassica species varies significantly with genetic line and environmental conditions (Frick et al., 1994; Sana et al., 2003) . With the growing importance of agriculturallybased feedstock for biofuel production, it is of great interest to identify genotypes of Brassica superior in SOC and relatively low in greenhouse gas emissions in their production. To our knowledge, the current study is the first to look at C and N partitioning among shoots, roots and soil in genotypes of B. napus varying in SOC potential. In this study, it was found that the four genotypes of B. napus varying in SOC potential showed different patterns of biomass accumulation, C and N partitioning, and NUE.
Biomass accumulation
By growth stage III, cv. Topas, the genetic line with the lowest SOC potential had much greater biomass accumulation than genotypes with higher SOC potential (Fig. 2) . In fact, there appeared to be a negative correlation between genetic line SOC potential and biomass accumulation (especially in roots). This may seem counterintuitive, but it has been previously reported that while CO 2 enrichment and increased N fertilizer increased plant height and the dry weight of reproductive organs in Brassica species, SOC actually decreased or did not change (Franzaring et al., 2008; Frick et al., 1994; Hocking and Strapper, 2001; Jackson, 2000; Taylor et al., 1991) .
It is interesting that there also appeared to be a negative correlation between genetic line SOC potential and root to shoot ratios. For example, line 04C204 with the highest SOC potential had the lowest root to shoot ratio, indicating that this genetic line retains relatively more of its biomass in shoots rather than partitioning it to roots. Although line 04C204 had the lowest absolute amount of biomass accumulate among the four genotypes, the root to shoot ratios may be indicating that biomass partitioning among plant components is more important in determining SOC than the absolute amount of biomass accumulated (Addo-Quaye et al., 1985; Rood et al., 1984) . This may be related to the fact that activity of key enzymes involved in triacylglycerol synthesis (e.g. diacyglycerol acyltransferase; DGAT) has been shown to be highly influential in determining SOC (Weselake et al., 2009) , and is perhaps more important than the absolute amount of assimilate available for seed filling in B. napus.
The current study focused on C and N partitioning during vegetative and early reproductive growth (i.e. up to the 20% flowering stage) and SOC and seed oil yield of the four genotypes were not assessed. A set of control plants were grown to maturity and siliques were harvested.
Unfortunately, these samples were destroyed by vermin so determination of SOC for plants grown under these experimental conditions was impossible. However, recent field studies involving these four genotypes conducted in eastern Canada confirm that the SOC and seed oil yield of Polo and 04C204 were higher than that of Topas (Beaudette et al., 2010) . Similarly, field studies by El-Ali (2011), using the four genotypes used in the current study and three levels of N fertility, found that Polo and 04C204 had the highest SOC and that 04C204 had the highest seed oil yield at all N fertility levels.
13 C partitioning
The similarity of patterns between 13 C excess levels among shoots, roots and soil ( Fig. 3 and   5 ) and that of biomass accumulation (Fig. 2) , is not unexpected because the 13 C in these pools is simply a fraction of the total C in the biomass accumulated in the tissue; a fraction originating from photosynthesis during the approximate 5-hour labeling period, minus that lost in respiration and the net accumulation/loss of 13 C into/out of the tissue/soil during the chase period. Although previous reports of labeled C partitioning in B. napus are rare, it has been previously reported that approximately 17-19% of fixed 14 C was translocated to the roots in B. napus over a 2 week period (Shepherd and Davies, 1993) . This compares favorably with our results in experiment 3 which indicated that by growth stage III approximately 81-89% in of 13 C fixed at growth stage I was partitioned to shoots and 11-19% to roots (Tab. 2).
Regarding 13 C partitioning to soil, some differences among genotypes were evident at some growth stages (Figs. 3 and 5) , and the partitioning pattern generally reflected the aforementioned inverse relationship between SOC potential and 13 C excess accumulation.
However, the relative amounts of 13 C in this fraction were quite low. The 13 C in the soil is attributed to non-decomposed exudates and microbial biomass. C fluxes from living plant roots to soil may account for 10-40% of total net assimilation ( Van-Veen et al., 1991; Whipps, 1987) .
However, it has been reported that a large proportion of plant photoassimilates transported below ground were quickly transformed to CO 2 and returned to the atmosphere (Kuzyakov and Tab. 4) . This further supports the suggestion that SOC may be more associated with the partitioning of carbon between shoots and roots, rather than the absolute amount of carbon accumulated.
Nitrogen partitioning
Oilseed rape has a higher requirement for N per unit yield than cereal crops (Hocking and Strapper, 2001) . It also has a higher capacity to absorb N from the soil (Laine et al., 1993 ) and thus to accumulate larger quantities of N in vegetative parts of the plant. Despite the very high capacity of oilseed rape to absorb N, uptake efficiency (calculated as amount of N in the crop relative to the nitrogen supplied) is very low. Nitrogen uptake efficiency often does not exceed 50-60 % of the level of N fertilizer applied (Chamorro et al., 2002; Hocking et al., 1997; Leleu et al., 2000; Schjoerring et al., 1995) . Previous studies have indicated that N absorbed by the crop has been preferentially partitioned to leaves and stem during stem extension and flowering (Jensen et al., 1997; Rossato et al., 2001) . Experiment 2 in our study indicated that more than 85-92% of recovered 15 N was in shoots, 7-14% in roots, and less than 1% in soil one week after application (Fig. 4, Tab. 3), but there were no clear trends in 15 N accumulation among the four genotypes. However, in experiment 3 which had a single labeling event and longer chase times, significant differences in 15 N excess in shoots was apparent at growth stage III and in the roots at both growth stages II and III (Fig. 6 , Tab. 5) These data indicate a negative relationship between genetic line SOC potential and 15 N accumulation (Fig. 6 ), but a positive relationship between SOC potential and the proportion of 15 N retained in shoots over time (Tab. 5), similar to the pattern seen in 13 C partitioning. However, unlike C, the total amount of N accumulated by the plant that ends up in seed is very small (i.e. 3% on average) (Chamorro et al., 2002; Hirel et al., 2007) . Hence, an important consideration in terms of N partitioning in B. napus for use as a biodiesel feedstock is the amount of N left in the crop residue at harvest. This represents N that will be returned to the soil, and, in addition to the fertilizer N applied to the crop, represent considerable pools of soil N that may contribute to N 2 O emissions in the field (Hirel et al., 2007; Malagoli et al., 2005) .
Nitrogen use efficiency
A previous study has shown that canola genotypes differed in NUE despite similar amounts of N being absorbed into plant biomass; genetic line-specific responses in NUE were mainly attributed to the differences in the root to shoot ratio and harvest index (Svecnjak and Rengel, 2006) . It is interesting that in our study, that although at the growth stages II and III cv. Topas had a significantly higher biomass accumulation in both shoots and roots than line 04C204 (Fig. 2), there were smaller to no differences in total N content (Fig. 7) . This resulted in a higher NUE in both shoots and roots in cv. Topas relative to line 04C204 (Fig. 8) . The higher NUE in cv.
Topas would suggest to some a greater efficiency in the production of the crop in the field.
However, the fact that cv. Topas in general accumulated the greatest amount of N (implying a great requirement for available N in the soil under field conditions), yet had the lowest SOC potential, may suggest that it may not be the most efficient for production of a biodiesel feedstock when N fertilizer requirements and greenhouse gas emission are taken into consideration.
Conclusion
Our study indicates that, in general, and especially at the later growth stages, there was an inverse relationship between genetic line SOC potential and biomass, C, and N accumulation in both shoots and roots. This may seem counterintuitive (i.e. genotypes with greater potential for growth have a lower potential for SOC) and suggests that C remobilization from vegetative biomass and partitioning to seed is more important a factor controlling SOC than the absolute amount of C available within B. napus plants. This suggestion is supported by the fact C partitioning clearly differed among genotypes. Line 04C204, with the highest SOC potential, retained a greater proportion of its biomass in shoots (i.e. had the lowest root to shoot ratio; Fig. 2) and retained a greater proportion of 13 C in shoots relative to roots over time compared to the other genotypes (Tab. 4). It is interesting that line 04C204 has previously been shown in field studies (Beaudette et al., 2010; El-Ali, 2011) to have had the highest seed oil yield of the four B.
napus genotypes used in this study. It is also noteworthy that despite a higher NUE, cv. Topas, with the lowest SOC potential, had a greater N requirement to achieve its greater biomass accumulation. Given that N fertilizer usage is one of the greatest contributors to greenhouse gas emission in agriculture (Woods et al., 2010) , if greater biomass is only achieved with much great N requirements, breeding for maximum biomass accumulation may not be the optimal strategy for biofuel feedstock. In fact, a better breeding strategy to optimize B. napus as a biodiesel feedstock may well be selection for maximum SOC at a minimal investment in vegetative biomass (and hence a lower N fertilizer requirement). The above being said, further study with 15 N was applied 7 days before 13 C labeling at each growth stage (I: 6-7 leaves; II:
before inflorescence emergence; III: 20% flowering). Each value is a mean of three replicates.
The means in each group were analyzed by the Student's t-test at the α = 0.05 significance level.
Values in each group with the same letter are not significantly different. Bars represent S.E. 
